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ABSTRACT 

THE ELECTRON MICROPROBE F O R  CHEMICAL ANALYSIS 

by 
Dr. John J. P a r k  

The electron microprobe is extremely useful in determining the 
qualitative and quantitative analysis of a r e a s  of micron-size diameter.  
By means of a finely focused electron beam, the x- ray  fluorescence 
analysis of selected a r e a s  may be obtained. 
niques 'and equipment permi t  anatyses of elements below magnesium in 
the periodic table. The correct ion procedures necessary  for  application 
to the raw data will be discussed. 
of back-scat tered electrons and by character is t ic  x - r ay  emission will be 
presented, i l lustrating other  applications of the microprobe.. Examples 
of analyses  to detect  homogeneous o r  inhomogeneous mixtures ,  the dis - 
tribution of phases within a matrix, and the diffusion of elements a lso 
will be discussed. 

Recent advances in  tech- 

The resul ts  obtained by the detection 
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THE ELECTRON MICROPROBE FOR CHEMICAL ANALYSIS 

Introduction -. . 

Electron probe x - r a y  fluorescence analysis is a relatively new an-  
alytical  method for  chemical analysis, permitting the determination of 
the constituents in a minute, localized volume. 
advance in  analytical techniques, and it is also a nondestructive method 
of analyzing a r e a s  a t  the surface of solid specimens. The application of 
this instrument  to phase diagram studies, to diffusion measurements ,  to 
studies of segregation, and the analysis of precipitates has been reported 
in  many instance’s, and additional reports a r e  being published in a lmost  
every  journal. 
oi one instrument,  plus a review of some analytical procedures and ex- 
amples  of applications of the probe. 

sensi t ive controls and numerous electronic components. However, the 
c r i t i ca l  portion is the finely focused beam of electrons which is directed 
a t  the specimen surface to a particular a r e a  of interest .  The electron 
beam, which may be l e s s  than one micron in diameter ,  excites an  x - r a y  
spec t rum containing the character is t ic  wavelengths ,of the elements in 
the microconstituent volume. The intensities of the charac te r i s t ic  wave- 
lengths a r e  related to the m a s s  concentration of the par t icular  elements. 
Specific c rys ta l s  a r e  used to  diffract the x - r ays  into the component 
wavelengths, and the selected rays  a r e  then focused to appropriate de- 
tectors .  By determining the character is t ic  wavelength emitted by the 
specimen, one can analyze qualitatively the elements present,  and, by 
determining the intensity of the detected r a y s ,  one can obtain a quanti- 
tat ive analysis of the element producing the x-rays.  The volume being 
analyzed is on the o rde r  of 10-12 cubic centimeters.  Depending upon 
the element analyzed, the matr ix ,  and the beam spot size,  the sensitivity 

of 0.1% fo r  elements with atomic numbers above eleven. 
provements have enabled the experimenter to analyze elements down to 
atomic number 4, which includes boron, carbon, oxygen, and nitrogen, 
though with less sensitivity than f o r  elements of higher atomic number. 

This is a most  significant 

This paper is intended to  include a general  description 

The complete instrument (Figure 1) is relatively la rge ,  .requiring 

I of the method ranges f r o m  0.1% down to O . O O l y o ,  with a relative accuracy 
Recent i m -  

The Electron Microprobe - _  . - - -..- .- 

Due to the number of manufacturers of e lectron probe instruments ,  
cer ta in  design character is t ics  a r e  different fo r  the different instruments,  

, Such variations.occur in  the electron optics sys tem,  the design of the 
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electron lens,  the take-off angle, the optical viewing arrangement ,  and 
the specimen movement. 
the one par t icular  instrument used in the Materials Research and De-  
velopment Branch, Goddard Space Flight Center,  r a the r  than comparing 
different instruments. 

voltage biasing arrangement  the electrons pass  through an  aper ture  and 
toward the sample. 
directed and controlled by the magnetic condenser lens  and the magnetic 
objective lens. 
the electron beam so  that the beam configuration may be maximized 
using the magnetic lenses.  
surface of the specimen is continuously adjustable f rom about 0.3 micron  
to 300 microns.  
observed visually through a light optical system. 

The electron beam causes  the character is t ic  x - r ays  to be emitted 
by the elements;  the excitation is detected and analyzed by the mono- 
chromator  which consists of a crystal ,  receiving s l i ts ,  and a detector. 
These a r e  all  within the vacuum system, and adjustments to the c rys ta l  
and to the detector can be made f rom outside the tank. 

is diffracted and focused to the detector. The c rys ta l s  a r e  ground to 
e i ther  a 4" o r  11" radius. 
analysis fo r  a 4" radius of the focal c i rc le  may include the following: 

This paper will be devoted to describing only 

The electrons a r e  emitted f rom a tungsten wi re  filament, and by a 

The electrons a r e  collimated into a beam and are 

Two fluorescent sc reens  may be moved into the path of 

The diameter of the electron beam a t  the 

The point at 'which the beam s t r ikes  the sur face  can be 

The crys ta l s  a r e  the means by which the radiation f r o m  the specimen 

Typical c rys ta l s  and the wavelength range of 

Wavelength Range - .--.----I 

Crystal  ' 
--I 

L i F  1.00A- 3.77A 
NaCl 1.41A- 5.29A 
Si02 1.67A- 6.26A 
ADP 2.66A-10.OOA 

The K-alpha emission line for  magnesium (atomic number 12) is 
9.889A and for  titanium (atomic number 22)  is 2.748A, which indicates 
the possible range for  the A D P  crystal .  
potassium (number 19) is 3.741A and for  bromine (number 3 5 )  is l.039A 
which gives an indication of the range of elements fo r  the L i F  crystal .  
However, the elements of higher atomic number can be analyzed with 
these s a m e  crys ta l s  by determining the L-  and M-alpha emissions;  for  
example, the L-alpha wavelength of a rsen ic  (number 33) is 9.7A and 
that f o r  bismuth (number 83) is 1.14A. Elements  such as dysprosium 
(number 66)  up to uranium (number 92) can be detected with the above 
c rys t a l s  b y  the presence of the M-alpha l ines which would range f r o m  
9.5A fo r  dysprosium to 3.9A for uranium. 

The K-alpha emission line for  

2 



. '  

F o r  elements having atomic numbers lower than magnesium, the 
ve ry  long wavelengths of the K-alpha l ines require  other  crystals .  The 
analysis of aluminum (number 13) with a wavelength of 8.339A and of 
osygen (number 8) with i ts  wavelength of 23.'5A can be done with the 
KAP crystal .  
wavelength of 31.2A and boron (number 5) with a wavelength of 64.5A 
can be detected. 

K-alpha, and the K-alpha2 line can be detected and recorded, as for  
nickel in which this separation is only 0.003A. 
of operating efficiency is the line-to-background rat io  which should be 
as  la rge  a s  possible, and this r a t i o  often exceeds a value of 300 for  
elements of high concentration. 

The line-to-background rat io  can be utilized in  estimating the limit 
of detection of a n  element, as mentioned by Bi rks l .  
an example, the line-to-background rat io  fo r  the copper K-alpha line at  
an excitation potential of 40 k.e.v. is theoretically 3840/1, but due to 
c rys t a l  imperfections,  scat tered radiation, and geometry of the c rys ta l  
arrangement ,  this ra t io  is reduced to about 1100/1 for  a lithium fluoride 
crystal .  
l ine -to-background rat io  i s  reduced, and gradually the peak becomes 
indistinguishable f rom the background. A common definition fo r  the point 
a t  which this occurs  is 

With a lead s tearate  c rys ta l ,  nitrogen (number 7)  with a 

Under normal  operating conditions the separat ion of the elemental  

The important c r i te r ion  

Using copper a s  

As the percentage of the analyzed element becomes l e s s ,  the 

o r  the difference between counts f o r  line and fo r  background is 3 t imes  
the standard deviation of the background. With a 3000/1 rat io  for  pure 
copper and choosing NB as 1000, this would give NL - NB 7 100. 
the 3000/1 ratio,  the total  counts f o r  copper would be 3,000,000, and the 
amount observed would be 100/3,000,000 o r  about 30 p.p.m. 
1100/1 rat io  of actual practice for  the LiF crys ta l ,  one might expect to 
detect  a limit of about 100 p.p.m. f o r  copper. 

The read-out f r o m  the detectors may be by means of a s t r ip -cha r t  
r eco rde r ,  which is a most useful technique in  the qualitative analysis 
for  elements. The detectors  may be se t  a t  the charac te r i s t ic  wavelength 
of the element known o r  expected to be present ,  o r  e l se  the detector m a y  
be changed by hand o r  automatically driven to sea rch  f o r  the increased 
intensity indicating the presence of a n  element. 
par t icular  a r e a  of interest  and by using the s ta t ionary electron beam 

At 

Using the 

Thus one could select  a 

lL. S. Birks ,  "Electron Probe  Microanalysis',';.IntersCience -P.ublishers,  
1963, p. 136. 
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manually o r  automatically cycle the x - r a y  monochromators through the 
spec t rum for  that crystal ,  each of the three detectors  of the instrument 
being used concurrently so  as to cover the full wavelength range; a de- 
flection of the pen on the s t r ip  char t  occurs  a t ' a  charac te r i s t ic  wave- 
length and indicates the presencc of an element. One can also s e t  the 
x - r a y  monochromator on a par t icular  wavelength with the specimen 
being moved manually o r  automatically along a par t icular  direction; 
this automatic movement may be done by preselected s teps  of 1 to 10 
microns  o r  a t  a continuous r a t e  of either 8 o r  96 microns per  minute. 
One can also cor re la te  the step-like motion with the r eco rde r  char t  
movement and with optical observation of the specimen to determine 
the a r e a s  of i r r egu la r  o r  notable elemental content, as would occur for  
a precipitate. 

In addition to the spot determination, we a r e  able to cover a much 
l a r g e r  a r e a  by scanning. Within the a r e a  of the specimen a r e  a s e t  of 
four e lectrostat ic  deflection plates with a similar se t  of deflection plates 
located in  the oscilloscope. These two se ts  of four plates a r e  synchro-  
nized sothat  a sweep voltage applied to the X axis  will control the scan-  
ning ra te  and a sweep voltage applied to the Y axis  plates gives the 
number of l ines  pe r  f rame.  In this way a picture represent ing what one 
s e e s  optically can be presented on the oscilloscope by means of back- 
sca t te red  electrons f r o m  the specimen. 
gives a general  indication of how the elements a r e  distributed within thc 
specimen and also the presence of imperfections,  such as holes. 
a l so  resu l t s  in a discrimination between elements since the elements of 
higher atomic number will "back scat ter"  more  electrons f rom the 
specimen surface and will resul t  in brighter a r e a s  on the oscilloscope 
screen.  
zments ,  and the less  bright o r  greyish a r e a s  a r e  the lower atomic num- 
be r  e lements ,  while black a r e a s  a r e  st i l l  lower atomic number elements 
o r  m a y  be holes. This display system is extremely useful, as l a t e r  
photographs will show. The nominal deflection of the electron beam 
in the scanning mode is 360 microns;  magnification of the a r e a  can be 
accomplished by reducing the deflections in the X and the Y axes  by 
f ac to r s  of 112, 114, o r  118. 

amount of each element present ,  a more  sensit ive and accurate  way is 
by counting the pulses picked up by the monochromator a t  a par t icular  
wavelength. 
sclected wavelength and in a fixed-time mode the total counts will a p -  
pea r  on the three  indicators,  with the counting being stopped automatically 
a f t e r  the preselected time. 
f o r  the quantitative calculations. 

This display on the oscilloscope 

This 

Thus, the brightest  a r e a s  indicate higher atomic number e l -  

Rather than using the s t r ip-chart  recorder  to determine the relative 

In this instrument  each of the detectors  may be s e t  on a 

These numbers thus obtained.form the basis  
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Quantitative Consider ations 

The calculation of the elemental content of a selected a r e a  of a 
specimen begins with the determination of the number of pulses r e -  
ceived in a selected t ime, but these numbers must  be cor rec ted  for 
effects due to the specimen and to the detector. 
rections a r e  fo r  detector dead-time and fo r  the background. 

rection must  be applied to the apparent number of pulses  o r  counts. 

Two part icular  c o r -  

Dead-time is a function of the pulse-detecting system, and a c o r  

Dead-time resu l t s  when the detector is unable to keep up with a high 
ra te  of counting and resu l t s  i n  a detector being saturated.  Such a high 
counting r a t e  occurs  most  often with relatively pure samples  when the 
r a t e  is on the o rde r  of 14,000 counts pe r  second for  this par t icular  
instrument. 

adjacent to the wavelength of in te res t  fo r  a par t icular  element and de-  
termining the pulses ar is ing f rom scattering, bremsstrahlung,  o r  gen- 
e r a l  electronic "noise". 
ingly important when the element of in te res t  is present  in smal l  amounts,  
and the resultant peak is not predominantly above background. 

these involve ones due to absorption, to fluorescence,  and to  a difference 
in atomic number of the elements present. In striking the surface of the 
specimen, the electrons penetrate below the surface and a s  a resul t  
some x - rays  a r e  generated an appreciable distance below the surface.  
These x - r ays  m a y  be absorbed by the specimen before emerging f r o m  
the surface,  thus modifying the x - r ay  intensity generated within the 
volume and requiring an  absorption correction. Castaingz developed a 
theoretical  model and a l so  derived some experimental  curves  which 
permi ts  the determining of an absorption correct ion factor. 

It is a l so  possible that the character is t ic  radiation of an  element 
in  a binary alloy has  the energy to excite the charac te r i s t ic  radiation 
of the other element by fluorescence. As an example, we can consider  
an alloy of nickel and iron. A correct ion has  to be made f o r  the ab- 
sorption of the nickel radiation by the i ron,  and a cor rec t ion  must  be 
made  for  the fluorescence radiation f rom i ron  by nickel because the K i  
K-alpha radiation is a shor te r  wavelength than the K absorption edge of 
iron. Castaing a l so  developed an expression for  the fractional i nc rease  
in  K-alpha intensity in element A which is produced by the K-alpha 

The background correct ion is determined by selecting a wavelength 

This background correct ion becomes inc reas -  

Additional correct ions a r e  more  complicated and more  c r i t i ca l  and 

- 
2R. Castaing, "Advance in  Electronics and Electron Physics", vol. XIII, 

p. 317 ,  Academic Press ,  1960. 
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radiation f r o m  element B. 
cedilres and presented the parameters  in  graphical form. 
i s  l imited to cases  where K radiation is excited by other K radiation. 

The effect of a difference in atomic number between the components 
in a n  alloy has becn considercd by Archard  and Mulvey4 utilizing a s im-  
plified theoretical  model of the electron interactions within a solid. The 
expressions derived by them require a considerable amount of compu- 
tations, and they conclude that "although the atomic number effect is 
small fo r  neighboring elements such as Cu - Zn, i t  may be quite l a rge  
for  neighboring elements such a s  Cu - Ni, which differ markedly in  
their  values of Z 1 A". 

s e r v e  to  indicate the effect of various correct ions upon the data f r o m  
an electron probe. A few selected resul ts  will show the accuracy of the 
analyses. 
23.870 gold, the resul ts  of applying increasingly bet ter  correct ion pro-  
cedures  to the raw data resulted in estimated concentrations of 17.4, 
19.9, 21.4, 25.2, and 23.5% gold. These resul ts  gave an  e r r o r  ranging 
f r o m  -2'770 to +5.970. 
is copper in a copper-aluminum alloy containing 53.670 copper, the 
microprobe resu l t s  with the various correct ions gave values of 49.6, 
49.6, 51.0, 54.6, and 53.670 copper. The range of e r r o r  f o r  these resu l t s  
was -7.57'0 to +l.870. 

In additional computations b y  Ziebold and Ogilvie6, a s imi la r  s e r i e s  
of analyses and calculations w e r e  made. 
were  not complete due to a lack of mass absorption coefficients fo r  long 
wavelength l ines  in  heavy elements and in  trying to compute fluorescence 
for L l ines  f o r  which cer ta in  physical propert ies  a r e  not well  known. 
These authors achieved resu l t s  of better than 570 accuracy, but they 
also concluded that "accurate measurements  require  the use  of c a r e -  
f u l l y  p repared  calibration standards to convert  x - ray  data to  m a s s  com-  
positions. 

Wittry3 developed improved correct ion pro-  
The formula 

The resu l t s  of a s e r i e s  of calculations by Poole and Thomas5 will 

In analyzing for  gold in a copper-gold alloy known to  contain 

In another instance in which the element estimated 

The resu l t s  of these calculations 

These standards must  be chemically homogeneous on a 

3D. B. Wittry, U.S. AEC Report  84-204, U. of Southern California, (1962) .  
4G. D. Archard  and T. Mulvey, "The Effect  of Atomic Number in  X- ray  

Microanalysis", International Symposium on X-ray  Optics and X- ray  
Microanalysis,  Stanford Univ. , 1962. 

5D. M. Poole and P. M. Thomas, "Quantitative Electron-Probe Micro-  
analysis", J. Inst. Metals, 90, 228-233, 1961-62. 

6T. 0. Ziebold and R. E. Ogilvie, "Quantitative Analysis with the Electron 
Microanalyzer", Anal. Ghem. , 35, #6, 62 1-627 (1963). 
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microscopic scale,  and the calibration curves must  be measured many 
t imes to establish their  degree of reproducibility. 
should obtain measurements  having 2% o r  bet ter  accuracy." 

multi-component alloy a considcrable numbcr of calculations would bc 
required. 
correct ions to the data. Fortunately, a number of experimenters  have 
developed computer programs to take over this task. However, the 
computers provide speed only and their  resu l t s  a r e  no bet ter  than the 
correct ion procedures  available. 
theoretical  and experimental  resul ts  to enable one to determine the con- 
centration of an  element within a specimen. 

By this approach one 

The procedures  and correct ions mentioned above indicate that for  a 

The obvious next s tep i s  to utilize a computer fo r  making 

Much remains  to  be done in providing 

/Experimental  - Ob s e r v a t i o n d  

I 

One major  advantage of the electron probe is in providing a micro-  
scopic view of the specimen. 
of par t icular  in te res t ,  as a r e a s  where reactions are occurring. 

ruthenium was kept in molten zinc to permi t  any reaction to occur. 
foGnd that the RuZnq compound is formed and that the zinc penetrates  
along the ruthenium grain boundaries to fo rm the compound. The ap- 
perance of the specimen as viewed by the operator  through the optical 
sys tem is shown in Figure 2. 
the back-scat tered electrons,  as shown in F igure  3 ,  in  which the ru-  
thenium a r e a s  a r e  l ighter in  appearance. 
x-rays produces the opposite contrast ,  F igure  4, in  which the zinc-r ich 
a r e a s  a r e  the light a reas .  

though ruthenium and rhodium a r e  adjacent in the periodic table, being 
atomic number 44 and 45, respectively, yet the electron probe shows 
that a number of intermetal l ic  compounds a r e  formed between rhodium 
and zinc. 
a r e a  adjacent to the light-colored rhodium, Figure 5. This outer  band 
is indicative of the probable formation of one o r  more  intermetal l ic  
compounds in this, system. By employing the combination of the back- 
sca t te red  electrons and the t r ace  of the probe a c r o s s  the center  of the 
picture  we can show how the zinc and the rhodium content vary. The 
uppermost  t r ace  in  Figure 6 shows the change of zinc content as the 
electron beam c r o s s e s  the edge of the dark,  round a r e a  and then into 
the dark  a r e a ;  the zinc content is relatively high in  these dark  a reas .  
The lowest t r a c e  indicates the relative rhodium content; i n  the dark  
c i r cu la r  a r e a  the rhodium content decreases  while the zinc content i s  

This enables the operator  to note a r e a s  

One example is the reaction of zinc with ruthenium, in which the 
We 

The same a r e a  is  delineated b y  means of 

The use  of zinc charac te r i s t ic  

A s imi la r  sample was formed by reacting zinc with rhodium, and 

The photograph of the specimen shows a par t icular  greyish 
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high, and in the light a r e a  the rhodium content is at  a high level. At the 
interface between the zinc and the rhodium, the rhodium t r ace  drops in 
two steps to a relatively long plateau after which it drops again to the 
lowest percentage. The t r a c e  thus indicates that two o r  possibly three  
compounds are formed. 

F igures  7 and 8, in  which the interface between an i ron  shoe, a t in- 
te l lur ium braze,  and a lead telluride thermoelectr ic  element is shown. 
The back-scat ter  picture outlines the a r e a s  of high and low atomic iiurn- 
be r  elements. The t r ace  of the electron beam shows the percentages of 
iron, tin, and te l lur ium in  the different areas .  

showing the distribution of elements within a solid specimen indicates 
some applications of the electron probe. Despite a relatively l a rge  
e r r o r  in  quantitative analyses  due to inadequate correct ion procedures ,  
the electron probe is adaptable to  numerous analyses  involving sur face  
reactions,  diffusion, and the detection of inhomogeneous areas .  

Another example of the usefulness of the electron probe is shown in 

The above resu l t s  showing the  reactions between the elements and 
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F’igure 1. Electron Microprobe Instrument  
A. P robe  vacuum chamber and controls:  
a - Vacuum tank; b - Filament  location; c - Sam- 
ple chamber;  d - Filament  and lens  controls.  
B. Probe  Read-out System: a - Automatic 
typewri ter ;  b - Numerical read-out;  c - Oscil-  
loscope display; d - Elec t ron  back sca t t e r  
cont r ol s. 
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Figure  2. Ruthenium-zinc Alloy. 
Optical view of RuZn9 compound formed in 
the ruthenium grain boundaries. 
x 280. 
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Figure  3. Ruthenium-zinc Alloy. 
Electron back sca t te r  display. 
a r e  ruthenium-rich and dark a reas  a r e  
zinc-rich.  x 2 2 2 .  

Light a r e a s  
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Figure  4. Ruthenium-zinc Alloy. 
Zinc X-ray display, with zinc-rich a r e a s  
appearing light i n  color and ruthenium-rich 
areas appearing dark. x 222. 
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Figure 5. Rhodium-zinc Alloy. 
Electron back scat ter  display of reacted ma-  
te r ia l s  with rhodium-rich a r e a s  appearing 
light and zinc-r ich a r e a s  appearing dark. R e -  
action zone a t  edge of rhodium is greyish and 
hole in  rhodium shows presence of zinc. x 222. 

F igure  6. Rhodium-zinc Alloy. 
Zinc content i s  indicated by top white l ine and 
rhodium content by bottom white line. Central  
white line i s  a r e a  of e lectron probe trace.  x222. 
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Figure  7.  Brazing of I ron  to Lead Telluride. 
Electron back scat ter  display of i ron  shoe 
(dark) ,  tin-tellurium b raze  (grey), and lead . 
tel luride element (white). x 2 2 2 .  

. . . . . . . . . . . . . .  . ............... ..$ .. .._*._. . .  I ,..- -- .- 
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Figure  8. Brazing of I ron  to Lead Telluride. 
X-ray t r aces  of iron, tin, and tellurium 
contents a c r o s s  braze a rea .  E lec t ron  beam: 
passed along central  white line. 
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